Hydration activity of silica fume(SF) and its effect on the structure of C-S-H gel in silica fume-cement (SFC)pastes was studied by FTIR and 29 Si MAS NMR combined with deconvoluton technique, respectively. The experimental results indicate that the cement of 48% and the SF of 41% can react in the paste with SF replacement for cement was 10% by weight and the average chain length (ACL) of SiO4 and/or AlO4 tetrahedra in C-S-H was 3.0 at 3d. At 120d, the cement of 65% and the SF of 96% could react, and the ACL of C-S-H was 3.7, which was higher than that in the plain cement paste (ACL was 3.1). In the highly alkaline environment of the cement paste, pozzolanic reaction of silica fume can potentially occur in two ways, the monosilicate formed after the structure of silica fume were broken can combine with Ca cations to form C-S-H directly. Moreover, these chemical species can also connect C-S-H dimers into highly polymerized C-S-H and increase the ACL of C-S-H.
Introduction
Calcium silicate hydrate(C-S-H) is an important phase in hydrated cement paste, and it's responsible for most of the important engineering properties of concrete, including strength and permeability. Silica fume is widely used to improve the compressive strength and durability of concrete [1] . It's common recognized that SF reacts with the CH to produce more C-S-H, thereby reducing porosity and increasing strength [2] . But it appears that there's little analysis concerning about the effects that the pozzolanic reaction of SF on the microstructure of C-S-H gel quantitatively.
Determination of the nanostructure of C-S-H gel is difficult due to the lack of long-range order and a high propensity for structural variations. But it is possible to analyze the microstructure of C-S-H and the hydration process of cement and silica fume by means of some advanced methods like magic angle spinning nuclear magnetic resonance spectroscopy (MAS NMR) and FTIR [3] [4] [5] . In this paper, the high resolution solid-state 29Si MAS NMR and FTIR were used to analyze the FC hydration products at 3d and 120d. In addition, the effect of pozzolanic reaction on C-S-H structure in the FC paste were examined.
Experiments

Materials and proportion
The cement used was normal Portland cement Type I. The chemical compositions of Portland cement (Huaxin Cement Plant, P.R.China) and SF( Guizhou Haitian Ferroalloy Abrasive Company, P.R.China) used in all the experiments are given in Table 1 . Portland cement was used as the basic cementitious material. The SF replacement percent for cement was 0% and 10 % by weight. The ratio of water to binder is 0.3. The dry materials were sufficiently mixed with water, and then cast into 40mm×40mm×40mm cubes. The pastes were demould one day after casting, then the specimens were cured at 20 °C, and 99% of RH. At 3d and 120d the samples were cut into pieces, finely grounded and analyzed by FTIR and 29Si MAS NMR.
Methods
FTIR spectra were obtained using a spectrometer (Model 170SX ,Nicolet). Specimens were prepared by mixing 1 mg of sample in 300 mg of KBr. The 29 Si MAS NMR spectra were collected on a Varian VXR600 (14.5 T) spectrometer. Quantitative information on the fractions of Si presented in silicate tetrahedra with different connectivities can be obtained with the commercial solid-state NMR software package. The hydration degree of cement ( α ) and ACL in C-S-H gel, can be calculated according to the experimental results with equation (1) and (2) [6~9]:
Where I 0 (Q 0 ) and I(Q 0 ) represent the integral intensity of the signals for the cement powders and the hydrated cement paste, respectively;
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where I(Q 1 ), I(Q 2 ) and I(Q 2 Al) represent the integral intensity of the signals Q 1 , Q 2 and Q 2 (Al), respectively.
Results and Disccussion
FTIR
The FTIR spectra of raw materials and hydrated phases are given in Fig.1 . As was seen in Fig.1(a) , the spectrum for SFC system between 900 to 1,100cm-1 shows two relatively sharp stretching vibrations: ν3(Si-O-Si) at 1118 cm-1 is corresponding to SF and at 925 cm-1 is associated with cement. Fig.1(b) shows that SF begin to react at 3 days, evidenced by the band at 1118cm-1 become lower than that of anhydrous samples and the OH stretching vibrations ν3 at 3,640 cm-1 due to CH become weaker in SFC hydrated paste, compared with that of the control sample at 3 day. Fig.1(c) shows that the band Si-O at 1118 cm-1 of the original SF nearly disappeared at 120 days, moreover, it can be clearly seen that the OH band of CH becomes much weaker than that of the control sample, both of which indicated that SF has been largely consumed.
NMR
In Fig.2 , the 29 Si MAS NMR spectra corresponding to the raw materials as well as those hydrated pastes at 3 and 120 days are shown. The peaks appearing at -72 ppm, -75 ppm,-79 ppm,-82 ppm,-85 ppm,-110 ppm in Fig.2 were associated with the presence of Q 0 ,Q 0H ,Q 1 ,Q 2 (Al),Q 2 and Q 4 units, respectively. The SF component has a wide asymmetric signal due to Q 4 uint centered at -108 ppm and ranges from -100 ppm to -120 ppm. The Portland cement displays a sharply defined signal at -72 ppm corresponding to the Q 0 units.
The 29 Si MAS NMR spectra have been deconvolved, as was shown in Fig.2 and the results were listed in Table 2 . The fraction of reacted SF was calculated with equation (3). Table 2) confirm that SF possess an high pozzolanic reactivity. About 41% of SF at 3d and about 96% at 120d have reacted.SF tends to break down in the alkali environment into monomer, which combines with Ca 2+ and OHin solution to form C-S-H.
According to the NMR spectra and deconvolution results, it can be concluded that the pozzolanic reaction of SF have effects on the microstructure of C-S-H gel. In the presence of SF, the Q 1 and Q 2 content of C-S-H is obviously changed, it can be seen that the Q 1 content was reduced from 33.7% to 27.7%.Meanwhile, Q 2 content was increased from 1.8% to 6.7% at 3 days, from 7.7% to 28.1% at 120days.It also can be calculated that the average chain length of C-S-H changed obviously, the ACL value is 2.4 and 3.1 for 3 days and 120 days in plain paste respectively, and this value reach 3.0 (after 3 days) and 3.7 (after 28days) ,see Table 2 , both Q n distribution and ACL value showed that the SF changed the C-S-H structures and types.
After the covalent bonds of Si-O-Si in SF were broken, monomers formed, as was shown in table 2, the amount of hydrated Q 0 material was about 5% at 3days, which can connect C-S-H dimers to form highly polymerized C-S-H, and increase the ACL of C-S-H. The current study reveal that the largely existed monomers favor C-S-H polymerization which obey the 3n-1 rule, whereas the SFC paste still contain CH identified by FTIR.
Conclusions
(1) SF possess a high pozzolanic reactivity. About 41% of SF at 3d and about 96% at 120d have reacted in a paste with SF of 10% in mass .
(2) In the highly alkaline environment of the cement paste, pozzolanic reaction of silica fume can potentially occur in two ways, the monosilicates formed after the structure of silica fume were broken can combine with Ca cations to form C-S-H directly. Moreover, these chemical species can also connect C-S-H dimers into highly polymerized C-S-H, and increase the ACL of C-S-H.
